Many animal species, including elephants and okapi, use sounds above and below the range of human hearing to communicate. A longitudinal study presented here suggests giraffe produce infrasonic vocalizations using Helmholtz resonance. Recordings were made of giraffe (Giraffe camelopardalis) in controlled indoor conditions and naturalistic outdoor conditions. The portable recording and analysis system consisted of a trigger oscilloscope; DAT recorders; Nagra IV-SJ and computers. Each signal was low-pass/high-pass filtered and FFT and STFT were performed using PolynesiaTM real-time scrolling analysis. In controlled recordings and in naturalistic situations two types of signals were identified: audible bursts [(11Hz (75dB+/-3) to 10,500Hz (80dB +/-3)] dominant frequencies between 150-200Hz and covert vocalizations [(14 Hz (60dB +/-3) to 250-275 Hz (30dB +/-3)] dominant frequencies between 20-40 Hz. Both audible and covert signals coincided with neck throw or head toss behaviors. The shape of the giraffe's respiratory apparatus during this behavior and the frequencies produced implicate Helmholtz resonance as a production mechanism. In naturalistic recordings, two of the five infrasonic vocalizations identified were produced during close range social interactions, suggesting that giraffe use these vocalizations to communicate with con-specifics. The social functions, air and seismic transmission mechanisms of these vocalizations should be further assessed.
I. INTRODUCTION
The following acoustical assessment documents infrasonic vocalizations that are produced by giraffe and demonstrates these vocalizations occur in social contexts. It also proposes that Helmholtz resonance is used to produce such vocalizations. Giraffes are large ruminant browsers that live in sub-Saharan Africa. Giraffe females and young are usually sighted in small groups whose composition can change from day to day, while adult males live alone briefly joining groups of females to breed 1 . Giraffes recognize each other "personally" 2 , maintain contact with one another over long distances 3, 4 , and hide their calves during the day and relocate them at night 5 . In elephants and okapi (giraffes' closest living relative), low-frequency vocalizations are used to coordinate these activities [6] [7] [8] , possibly because low frequency sound shows little attenuation due to scattering in the environment 9 . In fact, both elephants and okapi produce calls at similar frequency ranges and intensities (e.g., African elephants: 14-35Hz at up to 90dB 10 ).
In okapi infrasonic vocalizations are associated with two observable behaviors: a neck stretch (head and neck starts at about chest level, is thrown back over the body and curled upwards until the nose is straight up in the air) and a head throw (chin is lowered and quickly raised so that the nose is pointing straight up into the air) 8 . Giraffe also perform both of these behaviors, which coincide with infrasonic vocalizations. The distinctive anatomy of the giraffe may also allow it to use a unique mechanism to vocalize at low frequencies. Giraffe have a 2-3m long neck; when the head is extended in line with the neck their respiratory apparatus acts as a resonant chamber in which Helmholtz resonance is used to produce low-frequency sound. Helmholtz, an energy-efficient mechanism for sound production, relies on a simple resonator system that occurs when an enclosed volume of air, coupled to the outside free air by means of a single aperture, is subject to vibration 11 . If giraffe use Helmholtz resonance to produce or amplify their vocalizations, then the frequency of these vocalizations should be consistent with calculations using the capacity and structure of the giraffe respiratory system as a resonator. To determine whether giraffe produce infrasonic vocalizations, whether the characteristics of these vocalizations are consistent with production using Helmholtz resonance, and whether vocalizations were produced in the context of social interactions, giraffe were recorded in two conditions. Controlled recordings allowed detailed analysis of vocalizations from a known source with limited acoustic interference, while naturalistic recordings were used to identify contexts in which these vocalizations might naturally occur.
II. MATERIALS and METHODS
In controlled conditions eleven giraffe were individually recorded inside their barns at the North Carolina Zoological Park (NCZP) and the Riverbanks Zoo and Garden (RZG) At the NCZP, the giraffe were recorded from the second floor of the enclosure between 1 and 8m from the animals. At the RZG the animals were recorded from both the ground floor and the second story at a distance of approximately 1-5m. The recorded individual was separated from the herd to increase vocalization rates and identify the source animal. In naturalistic condition recordings, nine giraffe were recorded from the roof of a vehicle parked in their outdoor exhibit at the San Diego Zoo's Safari Park (SDZSP) where animals were housed in a single social group. Recording conditions were optimized as much as possible given the zoo environments and giraffes' flight or fight responses. Giraffe are notorious for either harming themselves or researchers and zookeepers. Every method was used to establish association/habituation with the equipment; trucks recorders the catwalk, the yard etc. many months ahead of the test periods.
In controlled conditions, giraffe were recorded with a Sony TCD-D8 Digital Audio Tape recorder (DAT) and an array of 3 Statham Radio's LIZ TM microphones. The Sony's frequency response at a 48kHz sampling rate tested with a Larson-Davis 2800 Precision Analyzer was +/-3dB from 3Hz to 22kHz and +/-1 dB from 11Hz to 20kHz. The Statham Radio LIZ microphone TM (3Hz -22kHz; 66.1dB/(Hz) @ 1P) was powered by an emitter/follower buffer and housed in the AT8410A Audio Technica shock mount, which has an attenuation of 8 -10dB. An Audio Technica windscreen with 10 -20dB attenuation was also used. During recording, the signals were monitored using a portable Techtronix Tekscope THS710 storage and trigger oscilloscope attached to the recorder. The same equipment was used to record in naturalistic conditions except that only a single parabolic LIZ microphone was used. All audio recordings were analyzed in the lab at Fauna Communications Research Institute using a National Instruments DAQCard 6062E PCMCIA card, portable computer, Polynesia (a custom-designed LabView-based digital signal analysis program), and Sound Forge. In naturalistic conditions, wind and other background noise made it difficult to locate giraffe signals so four solitary behaviors (neck stretch, audible vocalization, ear or head orient, and startle) were used to flag sections of audiotape where signals were most likely. Fifty of these indicators were observed. Of the seven neck stretches, four (57%) were associated with covert vocalizations above the ambient noise. In one, a mother performed a neck stretch and vocalized [12Hz to 144Hz, 42dB, 2.46s duration] while approaching her calf, who began nursing less than 20s later [ Fig. 2] . Three other neck stretches and one instance of orienting also coincided with infrasonic vocalizations, including one produced by an adult female after being approached by an adult male [11Hz to 71Hz, 37dB, 2.36s duration]. 
IV. CONCLUSIONS
Captive giraffe emit vocalizations that are predominantly or exclusively infrasonic. Controlled indoor recordings demonstrate that captive giraffe produce two types of signals containing infrasonic frequencies, bursts and covert vocalizations. Elephant infrasonic vocalizations have a similar acoustic structure and are used to communicate over distances up to 4km 7 , so infrasonic vocalizations may be a viable way for giraffe to communicate over long distances. The cooccurrence of giraffe vocalizations with mating and nursing interactions in naturalistic conditions suggests they may use these vocalizations to communicate as okapi and elephants do. Recent measurements of the giraffe respiratory system are consistent with the characteristics of a resonant chamber that could produce the vocalizations reported here through Helmholtz resonance. According to Mitchell and Skinner 12 , giraffe have small relative lung mass (0.6±0.2% of body mass) and total lung volume (giraffe: 46.2±5.9 mL kg⁻¹), narrow tracheal diameter, and large dead space volume (2.9±0.5 mL kg⁻¹) for their body size. Since the acoustic wavelengths are much larger than the resonator dimensions, the resonator is modeled as a simple source (monopole), for which the radiation resistance (see Eq. (7.1.1) 13 ; Eq. (7.6.16b) 14 ) is:
.
The wall loss resistance represents the resonator energy loss due to thermoviscous absorption at the walls of the tube (trachea). After substitution of air parameters at 20 o C (see Table 1 ), the wall loss resistance is given by the following:
(2) The structural coupling resistance represents energy loss due to acoustical excitation of the chamber (lung) walls. Here the losses are of a physiological nature for which little or no information is available. Due to the extended length of the trachea, it is anticipated that viscous losses at the trachea walls will prove dominant over those at the chamber walls, in which case the latter losses can be ignored. Thus the structural resistance R st is ignored in Table II .
Analysis of the circuit of Table II yields an expression for the volume velocity, in which Eq. (1) is used for the radiation resistance
The corresponding equivalent displacement of a generating source is .
(3c)
The acoustic mass M and compliance C are respectively ,
,
leading to a Helmholtz resonance frequency .
The radiated power W rad is determined from Eqs. (1) and (3b) ,
and the radiated sound pressure (squared) at a distance r from the end of the tube is .
After substituting Eq. (1) into (7), the radiated sound pressure is ,
which at a distance r = 1 m becomes simply . An estimate of the volume velocity U in m 3 /s requires an estimate of the source pressure P s , another unknown. Instead, the source volume velocity can be estimated by comparing with the measured output P(1m) and using Eq. (8b). Then the source pressure P s can be estimated using Eq. (3b). Note that the wall resistance R wall does not affect P(1m) for a given volume velocity, but requires additional exertion (enhanced P s ) to maintain the subject volume velocity. Most of the respiratory effort for vocalization production is expended in the tracheal wall loss compared to the acoustical radiation.
The need for covert vocalizations combined with an amazingly long neck appear to enable giraffe to use Helmholtz resonance for vocalization production. Helmholtz resonance has not been documented as a mechanism for producing vocalizations in other species and may be unique to giraffe. In the giraffe's natural environment, the frequency levels between 10 and 20 hertz are a relatively "quiet" bandwidth, only a few other animals and natural sounds exist to inhibit their communication. While the data presented in this manuscript have demonstrated that giraffe produce infrasonic vocalizations, the production mechanism, propagation, and function of these vocalizations should be subject to continued investigation. 
